Abstract
In contrast, little is known about the regulation of social behavior of environmentally relevant 94 phototrophs. In some bacteria, a dedicated secretion system comprised of a chaperone and usher (CU) protein 111 is upregulated during biofilm formation. This system is required for the transport and assembly 112 of secondary structures (fimbriae, curli 20 ) at the cell surface that promote cell-adhesion. The CU 113 pathway serves as a minimal secretion system that allows for protein secretion without energy 114 (ATP) consumption 21, 22, 23 . We have identified a CU system in Syn6803 that appears to play a 115 novel role in assisting the modification of TFP rather than in the secretion of secondary adhesive 116 appendages. 117 118
To identify the role of this novel CU system and function of its secreted products, we took 119 several complementary approaches. We used biochemical and pull-down assays to show that the 120 putative CU system was involved in secretion of minor-pilins and an adhesin-like protein to the 121 cell surface which serve complementary, yet distinct roles, in modifying TFP and the cell 122 surface. Finally, we exploited gene-specific mutants to help dissect the complex relationship 123 between TFP function and motility phenotypes by using phototaxis assays and electron 124 microscopy. We also determined that cAMP was involved in the regulation of motility via these 125 secreted products. behavior; they aggregate at the front of the drop but rarely move beyond the front (Fig. 1A,  145 upper panel). This impaired motility phenotype can be rescued in Δcya1 cells by the addition of 146 extracellular cAMP (0.1mM) (Fig. 1A, lower panel) . To investigate the cause of this impaired 147 motility, we first examined the TFP of WT and Δcya1 cells by negative staining followed by 148 transmission electron microscopy (TEM) (Fig. 1B, upper right panel) . WT cells (Fig. 1B,  149 upper left panel) typically exhibited several long TFP (> 2µm, 0.006± 0.002mm width), which 150
were often connected to neighboring cells. Surprisingly, Δcya1 cells had none of these long TFP 151
but only a few (~4-5) very short, tapered (~0.2µm length, 0.03 mm± 0.013 width) surface 152 structures.
154
We reasoned that if cAMP was able to rescue the motility behavior of the Δcya1 cells we should 155 also be able to observe the short structures transition back to long TFP. First, we verified that 156 cAMP could enter cells when added extracellularly, by using a competitive enzyme 157 immunoassay (Fig. S1a) . This showed that there was a slow increase in intracellular cAMP 158 levels over time, after addition of cAMP to the agarose plate. When we supplemented cells with 159 extracellular cAMP (0.1mM) for 20 hours (Fig. 1B, lower . Two putative operons met these criteria, the first contained two genes (slr1667, 173 slr1668) and the other contained four genes (slr2015, slr2016, slr2017 and slr2018). Using qRT-174 PCR, we showed that addition of extracellular cAMP restored the expression levels of all of 175 these genes, close to WT levels in ΔCya1 cells (Fig. 1C) . This suggested that some or all six of 176 these gene products might affect TFP-dependent motility and so we used complementary 177 approaches to identify their specific roles. 178 179
Identification of a novel Chaperone-Usher (CU) system in Syn6803 that is regulated by 180 cAMP 181
The genes slr1667 and slr1668 comprise an operon with a canonical cAMP receptor (SyCRP1) 182 binding site (TGTGATCTGGGTCACA) upstream ( Fig. 2A) . slr1668 is highly homologous to 183 the chaperone protein of the CU system 21, 27, 28 and shows 87% overall conservation and greater 184 than 67% conservation in the structural motifs and residues characteristic of the FGS sub-family 185 members (chaperone proteins that contain a shorter loop between F1 and G1 beta strands) (Fig.  186 S2a) that is vital for chaperone function. An overlay of the crystal structure of the evolutionarily 187 related PapD, FimC chaperones with a homology model of slr1668 revealed two 188 immunoglobulin-like domains characteristic of the chaperone family proteins (Fig. S2b) . slr1667 189 encodes a protein of 178aa with very low homology to a fimbrial protein (Fig. S2d) The Chaperone-Usher system secretes AdhA and minor-pilins (slr2015-slr2018) 210
To investigate if the chaperone, ChpA, was involved in transport of the putative adhesin, AdhA, 211
we performed in-vitro pulldown assays using His tagged-AdhA and GST-ChpA. ChpA forms a 212 stable complex with AdhA ( Fig. 2B) suggesting that AdhA is transported out of the cell by the 213 CU system, which is also consistent with its localization to the cell-surface 29 . Next, to establish if 214 proteins other than AdhA were transported by the CU pathway, we performed in-vivo pulldowns 215 (Fig. 2C ). Syn6803 whole cell lysate was incubated with GST-ChpA immobilized on GST 216 magnetic beads, as bait. Several proteins were pulled down by GST-ChpA. Protein bands that 217 were clearly visible with Sypro-Ruby stain were excised from SDS-PAGE and processed for 218 analysis by mass mapping (MALDI-MS/MS). This clearly identified slr2018 as an interacting 219 partner of ChpA (Fig. 2C) . Low levels of other proteins could be seen in the ChpA pulldown 220 assay but were hard to identify with MALDI-MS/MS (based on their size, these may have 221 included previously identified slr2015, slr2017). The slr2018 polypeptide (~96kDa) is encoded 222 by the last gene in a putative operon that includes slr2015, slr2016 and slr2017. As described 223 earlier, slr2018 is in a putative operon which is likely to be controlled by cAMP based on genetic 224 and bioinformatics. 225 226
The N-terminal hydrophobic regions of slr2015, slr2016, slr2017 exhibit significant conservation 227 to Type IV prepilins from Gram-negative pathogens and cyanobacteria ( Fig. S2h) We reasoned that if the CU pathway and its partner proteins were critical for motility, mutants in 244 this pathway should exhibit motility defects. We characterized the motility phenotypes of ΔchpA, 245
ΔadhA and ΔushA mutants and the minor-pilin mutants, slr2015 (pilA9), slr2017 (pilA11) and 246 slr2018 (pilA12) that were generated either by double homologous recombination or by 247 transposon mutagenesis (Table S1 , S2). ΔushA cells exhibited two unique motility behaviors 248 (Fig. 3A) . As expected, WT cells phototaxed to the front of the drop and then after ~24-30h, 249 emerged as finger-like projections of motile cells. Surprisingly, ΔushA cells, developed finger-250 like projections much faster than the WT cells, as early as 15h (Fig. 3A, left panel, Fig. S3a ).
251
This was consistent with the quantification of the mean velocity and speed of the WT and ΔushA 252 cells, over time. For instance, at 12h, the velocity of ΔushA cells was thrice that of WT cells 253 (Fig. 3B, 3C, Fig. S3b , Table S3 ). Second, we routinely observed that although the majority of 254 motile WT cells phototaxed to the drop front, many small groups of cells remained "stuck" on 255 the agarose. However, the ΔushA mutants did not appear to "stick" to the surface (Fig. 3A, In contrast to the hyper-motile ΔushA cells, the three minor-pilin mutants (ΔpilA9, ΔpilA11, 262 ΔpilA12) were completely non-motile (Fig. S3c) , based both on the phototaxis assay and by 263 measurements of cell movement that indicated that there was no displacement over time. These 264 striking differences in the motility behavior of the mutants, ranging from hyper-motile ushA cells 265 to non-motile minor pilin mutants, are apparently contradictory, particularly if they are in the 266 same pathway. To reconcile the different phenotypes exhibited by the mutants, we examined 267 other aspects such as (i) TFP biosynthesis, (ii) the morphology and assembly of the TFP and (iii) 268 the ability of TFP to make cell-cell contacts. 269 270 TFP synthesis, morphology and activity in CU and minor-pilin mutants 271 (i) TFP synthesis is not affected in the CU and minor-pilin mutants 272
To investigate whether the TFP biogenesis machinery or function depends on the CU pathway 273 and/or on the minor-pilins, we analyzed the expression levels of several pil genes in the ΔushA 274 and minor-pilin mutants (ΔpilA9, ΔpilA11 and ΔpilA12) via qRT-PCR. A core set of conserved 275 proteins required for pilus biosynthesis including PilM, PilN, PilO, PilQ (pilus assembly), PilT 276 PilB1(motor proteins), PilA1, PilA2 (pilins) are found in Syn6803 and their role in pilus 277 assembly has also been inferred from mutant phenotypes 3, 11, 12 . We measured mRNA levels of 278 the following gene homologues: slr1277 (pilQ), slr1274 (pilM), slr1275 (pilN), slr1276 (pilO), 279 slr0063 (pilB1), sll1694 (pilA1), sll1695 (pilA2), in the WT and in the mutants. We found that 280 mRNA levels of pilins and components of pilus biogenesis in the mutants were comparable to 281 WT levels (Fig. S1b, c) . Thus, pilus biosynthesis appears to be unaffected in the CU and minor-282 pilin mutants and cannot explain the various motility phenotypes. 283 284
(ii) TFP morphology and assembly is strongly affected in the ΔushA and minor pilin mutant 285 strains 286
Next, we used high resolution TEM to investigate if the distinct motility defects in the mutants 287 could be correlated with changes in TFP morphology (Fig. 4A) . WT cells have several long TFP 288 (Avg. number 15-20/cell, Avg. length = 2.5µm ± 0.05, Avg. width = 0.007µm± 0.002). The 289
hypermotile ΔushA cells completely lacked long TFP but short stubby structures (Avg. length= 290 0.7mm ± 0.2; Avg. width = 0.02 mm± 0.005) with tapered ends were consistently observed. 291
These TFP were morphologically similar to those previously observed in Δcya1 cells (Fig. 1B) .
292
On average, there were 5-8 evenly distributed short stubby structures per cell, which are 293 apparently functional, since ΔushA is hyper-motile. Interestingly, the non-motile minor-pilin 294 mutants also exhibited these short, stubby TFP (Avg. length= 0.78mm± 0.21 and 0.63mm ± 0.2).
295
( Fig. 4B , lower bar graphs) shows the distribution of TFP and cell sizes (Fig. S4a) . This clearly 296 indicated that some of the differences in TFP function and motility might be due to different TFP 297 morpho-types (long TFP versus short, stubby TFP). This in turn, might affect their ability to 298 form TFP-dependent intercellular cell-cell contacts. 299 300
(iii) Mutants exhibit an alteration in the ability to form cell-cell contacts via TFP in the mutants 301
We then used field emission scanning electron micrography (FE-SEM) to examine TFP 302 morphology and cell-cell surfaces, which revealed another facet of TFP functionality. In WT and 303
ΔushA strains, TFP appear to form strong "cell to cell contacts" which originated around the cell 304 body (Fig. 4B) . In the minor-pilin mutants, the short TFP appeared to be mostly present at the 305 base of the cell and were involved in forming strong contact with the grid surface rather than 306 cell-surface. The cells were associated in large clusters ( Fig. 4B) and had a much smoother cell 307 surface than WT (Fig. S4b) .
308
Consistent with this observation, the crystal violet absorbance assay, a semi-quantitative way to 309 assess cell adherence or biofilm formation, showed that the minor-pilin mutants all had 310 significant adhesion to glass culture vessels, relative to WT cells. In contrast, the usher (ΔushA), 311 chaperone (ΔchpA) and ΔadhA showed greatly reduced (10-30 fold) adherence (Fig. S4c) . This 312 suggests that secretion of AdhA via CU system is crucial for adhesion of cells. Conversely, in the 313 absence of AdhA, cells experience no counter-force against directed motility and hence are 314 hyper-motile (ΔushA). 315 316 Discussion 317
A new role for a chaperone usher system in TFP assembly 318
We uncovered a novel role of CU (Chaperone-Usher) system in Syn6803 which modifies TFP 319 function rather than being involved in secondary filament synthesis as described for most 320 pathogenic bacteria. The Syn6803 CU system secretes minor-pilins that alter TFP morphology 321 and hence their functionality. In the absence of the usher protein, short TFP are produced but the 322 cells are as motile as WT cells suggesting that long TFP are not strictly necessary for surface 323 motility. In support of this, it has been shown that P.aeruginosa mutants with very short pili ( and have sufficient AdhA expression on the cell surface. On the other hand, non-motile minor-358 pilin mutants express same levels of AdhA on the cell surface as WT thus making them highly 359 adherent. However, they lack the ability to secrete minor-pilins that modify/stabilize assembly 360 of long TFP resulting in the short pilus phenotype. Conversely, the surface of hyper-motile 361
ΔushA cells and Δcya1 mutants lack AdhA and minor-pilins which results in short pili and 362 reduced surface adhesion ability; both these phenotypes allow them to move faster than WT 363 cells. The crystal violet binding assay also corroborated that WT cells and minor pilins have 364 stronger cell-surface adhesiveness compared to the ΔushA cells. This leads to the conclusion that 365 short TFP pili are sufficient for motility (Fig. 3A, B) , but the ability to adhere to the surface is 366 controlled by AdhA levels. We propose that AdhA that is secreted via the usher pathway to the 367 cell surface 28 and exhibits similarity to fimbrial tip adhesins is crucial for cells to make this 368 decision during the transition stage. 369
370
This scenario is in contrast to what has been proposed in most other bacterial systems, where 371 motility and adhesion are antagonistic states and are inversely coordinated 35, 36, 37, 38 , In Syn6803, 372
we propose there is a dynamic balance between motility and surface adhesion which is required 373 for optimal movement over wet surfaces. We suggest that because surface-dependent motility 374 (here phototaxis) is a group or social behavior, the dynamics cannot be fully explained simply 375 based on the behavior of individual cells. Motility is enhanced by interacting with neighboring 376 cells, mediated by long retractile TFP that can enhance attachment between cells and this 377 enhances certain social behaviors 35 . The dynamic nature of these cellular interactions as seen in 378 motility movies 17 also support the idea that cells need to be "sticky" and "motile" and is 379 maintained by minor pilins and AdhA levels. Finally, this delicate balance is controlled by 380 cAMP levels. (see Model). 381 382
A model of phenotypic plasticity in Syn6803 383
Based on our results, we present a model to explain how Syn6803 dynamically switches between 384 motile and sessile states. cAMP acts as a master regulator to control expression of minor-pilins 385 (PilA9-PilA12) and the CU system (minimally comprised of an usher (UshA), chaperone (ChpA) 386 and adhesion substance (AdhA). Secretion of minor pilins and AdhA to the outside of cell 387 requires CU pathway ( Fig. 5A-upper) . Minor pilins secreted via the CU system help to stabilize 388 TFP and ensure assembly of long TFP that form effective contacts between neighboring cells 389 that is quite crucial for assisted group motility.
390
Transition from surface-associated motility to forming sessile biofilms involves two crucial steps 391 (Fig. 5B) . The first step involves cells making initial but potentially reversible contacts with 392 surface. Before this stage, cells are still capable of switching back to the motile phase, based on 393 environmental conditions. AdhA expression on the cell surface governs this decision of 394 reversible attachment of cells. The second step of biofilm progression involves those cells that 395 are committed to forming stationary biofilms and form irreversible cell-surface contacts. In the 396 absence or low concentrations of cAMP ( Fig. 5A-lower 
